Objective Mineral trioxide aggregate (MTA) cements contain two types of particles, namely Portland cement (PC) (nominally 80% w/w) and bismuth oxide (BO) (20%). This study aims to determine the particle size distribution (PSD) of PC and BO found in MTA. Materials and methods The PSDs of ProRoot MTA (MTA-P) and MTA Angelus (MTA-A) powder were determined using laser diffraction, and compared to samples of PC (at three different particle sizes) and BO. The non-linear least squares method was used to deconvolute the PSDs into the constituents. MTA-P and MTA-A powders were also assessed with scanning electron microscopy. Results BO showed a near Gaussian distribution for particle size, with a mode distribution peak at 10.48 mm. PC samples milled to differing degrees of fineness had mode distribution peaks from 19.31 down to 4.88 mm. MTA-P had a complex PSD composed of both fine and large PC particles, with BO at an intermediate size, whereas MTA-A had only small BO particles and large PC particles. Conclusions The PSD of MTA cement products is bimodal or more complex, which has implications for understanding how particle size influences the overall properties of the material. Smaller particles may be reactive PC or unreactive radiopaque agent. Manufacturers should disclose particle size information for PC and radiopaque agents to prevent simplistic conclusions being drawn from statements of average particle size for MTA materials.
Introduction
Mineral trioxide aggregate (MTA) cement has a range of uses in endodontics. [1] [2] [3] A typical MTA cement contains one part bismuth oxide (BO) and four parts Portland cement (PC). [4, 5] While essential for radiographic identification of the material, the inclusion of BO extends the setting time [6] [7] [8] [9] [10] and influences the physical properties of the set cement, altering its microhardness, [6] compressive strength, [10] [11] [12] porosity, [11] biocompatibility [13] and the speed of formation of reaction products such as calcium silicate hydrate. [14] The particle sizes of both the BO and PC components can vary widely, which has implications for the performance of the cement. For example, cements with smaller particles of PC will be more likely to penetrate into dentinal tubules, set quickly and give greater initial release of calcium hydroxide. [15, 16] There are also effects of the particle size of BO on the cement, with nano-sized BO particles contributing positively to the properties of the set cement, and BO particle sizes of 10 mm or more having the opposite effect. [5] In past studies, the particle size distribution (PSD) of common MTA cements has been examined using laser diffraction, a rapid, accurate and reproducible measurement method that is used widely to assess the PSD of materials with fine particles, including industrial PC. [17] In this technique, as individual particles pass through a laser beam they scatter light at angles that are inversely related to their size. [18] A recent study of the particle size of ProRoot MTA (Dentsply Maillefer, Ballaigues, Switzerland) (MTA-P) revealed a bimodal distribution with 10% of particles below (d10) 1.13 mm, 50% of particles below (d50) 1.99 mm, and 90% of particles below (d90) 4.30 mm. By comparison, MTA-Angelus (Angelus Soluções Odontológicas, Londrina, Brazil) (MTA-A) showed a bimodal distribution with much larger particle sizes overall, with the d10 at 4.15 mm, d50 at 12.72 mm and d90 at 42.66 mm. [17] Given that a bimodal distribution implies the presence of at least two components of differing particle size, it was of interest to determine the respective contributions of PC and BO to the PSDs of the two commercial MTA cements, MTA-P and MTA-A.
Materials and methods

Particle size assessment
Particle size analysis of MTA-P, MTA-A, PC and BO was performed using laser diffraction, as described in Ha, [17] using a MicroPlus Analyzer (Malvern Instruments, Worcestershire, UK). This instrument can measure the size of particles from 0.05 to 500 mm in diameter. [19] For MTA, the refractive index (RI) used was 1.844, which was calculated as the weighted mean of 80% PC (RI ¼ 1.68) and 20% BO (RI ¼ 2.5). The Mie model was used for calculating particle size. [20] The particle absorption index used was 0.1. One liter of distilled water was used to disperse 1 g of particles from each material. Agglomeration of particles during testing was prevented by the combination of sodium hexametaphosphate in the water (1 g/l) together with continuous ultrasonic agitation.
MTA-P (lot 09001921), MTA-A (lot 21381) and BO samples (lot F02U033, Alfa Aesar Õ , MA) were analyzed, together with three samples of PC. PC1 (lot SI0702, SiPowders, Toowoomba, Australia) was unmodified and was representative of common general purpose PC. PC2 (lot UFGP1707, SiPowders, Toowoomba, Australia) was derived from PC1 and had undergone jet milling to reduce the mean particle size to 514 mm. PC3 (lot UFGP2307, SiPowders, Toowoomba, Australia) in turn was derived from PC2 using selective particle filtration, and had a mean particle size 58 mm.
Statistical analysis
Data from PC1, PC2, PC3 and BO served as a reference for the deconvolution of the PSD curves of MTA-A and MTA-P using a non-linear least squares fit method. For both MTA-A and MTA-P, the normalized frequency (F) at a given particle size was defined as
, where A, B, C and D are all constant coefficients for either MTA-A or MTA-P. The equations were solved to minimize the sum of squared residuals between actual and predicted values, using values for A-D which were either positive or zero (component not present). The data was then expressed as the actual constant coefficients were solved to predict those tested standard components present within MTA-P and MTA-A.
Scanning electron microscopy
Dry MTA-P (lot 201404-01) and MTA-A (lot 21934) powders were lightly poured onto carbon adhesive discs on scanning electron microscopy (SEM) specimen stubs and left uncoated. Excess powder was removed using compressed air. Samples were placed into a Phenom ProX (Malvern Instruments, Worcestershire, UK) with images taken at 10 kV with a magnification of 1900 Â under vacuum conditions. Energy-dispersive X-ray spectroscopy (EDX) was performed on the same field of view to determine the elements present in the MTA powder.
Results
All pure materials (BO, PC1, PC2 and PC3) showed a near Gaussian distribution for particle size, with mode distribution peaks at 10.48, 19.31, 6.64 and 4.88 mm, respectively (Figure 1 ). In order from largest to smallest, the three PC materials followed the expected trend. BO particles were on an average smaller than PC1 but larger than PC2 and PC3. Table 1 shows PSD for BO and the three PC samples, summarized according to the d10, d50 and d90.
The PSD for MTA-P had six peaks (0.42, 3.09, 5.69, 12.21, 22.49 and 41.43 mm). These correspond well to PC3, BO and PC1 as its components (Figure 2 ). In contrast, the PSD for MTA-A had only two maxima (9.0 and 30.53 mm), which corresponded to BO and PC1 as its two components (Figure 2 ).
Backscatter SEM
Backscattered SEM with EDX images of MTA-P and MTA-A revealed two predominant crystalline structures in both powders. For both MTA-P and MTA-A, one component of the powder was bright indicating a high atomic number, and displayed a different morphology.
Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy was performed on both powders on the SEM field of view. This established that the strongly bright high atomic number component contained bismuth and oxygen (thus BO) while the other powder component contained calcium and silicon (thus PC). Thus, MTA-P illustrated smaller BO and smaller PC particles than MTA-A. This corresponds to the deconvolution results.
Discussion
An understanding of the particle size of MTA is fundamental to appreciating the influence of this parameter on its setting reactions, physical properties when mixed and after setting, and extent of penetration into dentin tubules. The results of this study show that there is a bimodal distribution for both MTA-P and MTA-A. For MTA-P, both fine and larger particles of PC are present, and BO is intermediate in size by comparison. In contrast, MTA-A is simpler in composition, with finer BO particles and larger PC particles.
Our results agree with a Komabayashi that MTA-A has a wider range, and that MTA-P has fewer large particles, however, our results as differ as Komabayashi says that MTA-A also has a high number of small particles. [21] This difference could be attributed the methods of testing as flow particle analysis data have been presented in high power and low power fields. Neither of which are able to completely assess the full range of the PSD found in MTA and PC.
The findings that MTA-A had larger particles than MTA-P are similar to another laser diffraction study, [22] however, differences in PSD between MTA-A and MTA-P are more marked in this study. The variance between studies could be attributed to the use of water as the testing medium instead of alcohol as well as differences between testing batches. The present findings provide insight into variations in performance between different MTA products. Particles of MTA can penetrate into and obstruct dentinal tubules, which explains the ability of MTA to provide an effective seal. [23] MTA-P is more resistant to bacterial leakage than vertically condensed gutta percha and sealer, [24] a fact which could be due in part to its smaller PC particles, which will penetrate further into dentinal tubules.
As with many other dental materials, the handling properties of PC varies according to particle size and particle shape. [15] Particle size modification is a common method to accelerate setting reactions through increased surface area. [22] For MTA, only the PC particles contribute to the setting reaction, since BO is an inert filler. Adding BO to PC separates the PC particles by diffusion and prolongs the setting reaction, with the material taking longer to reach its final set. Increasing BO enhances radiopacity but at the expense of slower setting, [9, 12] reduced compressive strength and increased water uptake. [12] The same will be true if other radiopaque agents are substituted for BO. [25, 26] The PSD of MTA-P and MTA-A can be compared against Biodentine (Septodont, Saint-Maur-des-Fossés) illustrating that its largest and median particles are smaller than MTA-P and MTA-A. [22] From communications with the manufacturer, the composition of Biodentine features the replacement PC with calcium silicate powder, various additives and zirconium oxide instead of BO as its radiopaque agent. Although the smaller PSD of Biodentine may account for a faster setting time than MTA, the ingredients are different and therefore comparisons relating to the PSD of the products are speculative. [22] It is recommended that any advertising by manufacturers around the topic of particle size should state as a minimum the d10, d50 and d90 parameters of the product as well as the particle size of the radiopaque agent used. This would avoid simplistic interpretations of one product being superior on the basis of having a lower mean particle size (which would infer faster setting), since the smaller particles could well be the radiopaque agent rather than the PC, as is the case for MTA-A. This point could well become more important in the future with the possible inclusion of nano-sized fillers rather than micro-sized fillers in future to enhance the physical properties of MTA. [5] 
